We report a Giant Metrewave Radio Telescope (GMRT) survey for associated Hi 21-cm absorption from 50 active galactic nuclei (AGNs), at z ≈ 0.04 − 3.01, selected from the Caltech-Jodrell Bank Flat-spectrum (CJF) sample. Clean spectra were obtained towards 40 sources, yielding two new absorption detections, at z = 0.229 towards TXS 0003+380 and z = 0.333 towards TXS 1456+375, besides confirming an earlier detection, at z = 1.277 towards TXS 1543+480. There are 92 CJF sources, at 0.01 z 3.6, with searches for associated Hi 21-cm absorption, by far the largest uniformly-selected AGN sample with searches for such absorption. We find weak (≈ 2σ) evidence for a lower detection rate of Hi 21-cm absorption at high redshifts, with detection rates of 28 +10 −8 % and 7
INTRODUCTION
Neutral hydrogen (Hi) is an important constituent of the gas in the environments of active galactic nuclei (AGNs). For radio-loud AGNs, the Hi 21-cm transition allows the presence of such gas to be discerned, and its kinematics studied, via Hi 21-cm absorption studies against the AGN radio continuum. Such "associated" Hi 21-cm absorption studies allow a detailed probe of physical conditions in AGN environments (see, e.g., Morganti & Oosterloo 2018 , for a recent review), and their evolution with redshift. For example, one can test whether the strength of the Hi 21-cm absorption depends on the nature of the AGN (e.g. core-dominated or lobedominated, high-luminosity or low-luminosity, flat spectrum or steep spectrum, etc), providing information on the distriadityaj@iucaa.in † Swarnajayanti Fellow; nkanekar@ncra.tifr.res.in bution and the excitation of neutral gas in different AGN environments. One might also test whether the strength of Hi 21-cm absorption depends on redshift: weaker Hi 21-cm absorption in typical AGNs over some range of redshifts might indicate a paucity of gas in the AGN environments at this epoch, shedding light on the gas accretion process and the fuelling of AGNs. The Hi 21-cm absorption velocity, relative to the AGN redshift, also contains information on local conditions, with redshifted (relative to the AGN) absorption indicating the presence of inflowing gas, and blueshifted absorption, a signature of gas outflows. If the associated Hi 21-cm absorption systematically arises at higher velocities than the AGN redshift, it would suggest that neutral gas is predominantly flowing towards typical AGNs at this redshift, which could fuel the nuclear activity (e.g. van Gorkom et al. 1989) . Conversely, mostly blueshifted Hi 21-cm absorption would imply a predominance of gas outflows, that might result in shutting down of the AGN activity (e.g. Vermeulen et al. 2003; Gupta et al. 2006) . Similarly, narrow Hi 21-cm lines with velocity spreads 100 km s −1 and relatively small velocity offsets from the AGN systemic redshift are likely to indicate gas clouds with low velocity dispersion, perhaps rotating in a circumnuclear disk (e.g. Dwarakanath et al. 1995; Conway 1999; Geréb et al. 2015) . Broad absorption features, with widths ≈ 200−300 km s −1 suggest the presence of unsettled gas, possibly interacting with the active nucleus. Finally, the broadest lines, with widths 500 km s −1 , are likely to arise due to interactions between the neutral gas and the radio jets in powerful radio sources (e.g. Morganti et al. 2003 Morganti et al. , 2005 Mahony et al. 2013) .
A further important advantage of Hi 21-cm absorption studies in probing AGN environments stems from the fact that the radio emission is often extended, stemming from both the AGN core and structures such as jets, lobes, hotspots, etc. This allows the exciting possibility of using very long baseline interferometry (VLBI) techniques to map the Hi 21-cm absorption against the extended radio continuum, on scales of ≈ 10 − 1000 pc, to determine the spatial structure of the absorbing gas, and connections with the radio continuum (e.g. Mundell et al. 1995; Carilli et al. 1998a; Peck & Taylor 1998; Peck et al. 1999; Conway 1999; Beswick et al. 2002; Morganti et al. 2004; Labiano et al. 2006; Struve & Conway 2012; Morganti et al. 2013) . Such VLBI absorption mapping studies are critical to identify the location of the absorbing gas in the AGN environment.
Since the first detection of associated Hi 21-cm absorption, by Roberts (1970) in NGC5128, a large number of searches for associated Hi 21-cm absorption have been carried out, using a variety of radio telescopes. More than 400 AGNs have so far been searched for associated Hi 21-cm absorption, with more than seventy-five detections (e.g. Dickey 1986; van Gorkom et al. 1989; Carilli et al. 1998b; Moore et al. 1999; Gallimore et al. 1999; Morganti et al. 2001 Morganti et al. , 2005 Pihlström et al. 2003; Vermeulen et al. 2003; Gupta et al. 2006; Chandola et al. 2011; Allison et al. 2012; Geréb et al. 2015; Maccagni et al. 2017; Aditya & Kanekar 2018) . Molecular absorption has also been detected in a handful of these systems, indicating the presence of dense gas (e.g. Gardner & Whiteoak 1976; Wiklind & Combes 1994; Wiklind & Combes 1996; Kanekar & Chengalur 2002 , 2008 . However, the vast majority of the detections of Hi 21-cm absorption are at low redshifts, z < 0.25 (e.g. van Gorkom et al. 1989; Geréb et al. 2015; Maccagni et al. 2017) : the current sample of associated Hi 21-cm absorbers is dominated by the 59 detections of Geréb et al. (2015) and Maccagni et al. (2017) , at 0.05 < z < 0.25. Further, most searches for redshifted Hi 21-cm absorption have been in highly heterogeneous samples, making it hard to differentiate between the causes for the presence or absence of absorption (e.g. redshift, AGN type, AGN luminosity, etc.). We have hence been using the Giant Metrewave Radio Telescope (GMRT) survey for redshifted associated Hi 21-cm absorption towards a uniformly-selected AGN sample, distributed over a wide redshift range. Earlier results from this survey were reported in Aditya et al. (2016) and Aditya et al. (2017) .
THE AGN TARGETS: THE CALTECH-JODRELL FLAT-SPECTRUM SAMPLE
Our primary goal was to carry out a large survey for Hi 21-cm absorption from AGNs at high redshifts, z 1, to study redshift evolution in AGN environments. Of course, an important goal was to significantly increase the number of known associated Hi 21-cm absorbers at high redshifts. We also aimed to target a uniformly-selected AGN sample, to minimize the heterogeneity in our AGN environments. Earlier studies at low redshifts had found evidence for a higher detection rate of Hi 21-cm absorption (≈ 40%) in more compact radio sources, the GHz-Peaked Spectrum (GPS) sources and the Compact Steep Spectrum (CSS) sources, than in more extended radio galaxies (≈ 15%; e.g. Vermeulen et al. 2003; Gupta et al. 2006) . Similarly, Pihlström et al. (2003) found that GPS sources have typically higher Hi 21-cm optical depths than even the somewhat larger CSS sources. Foreground Hi clouds of a given size would obscure a larger fraction of the radio emission from a compact source than from an extended source: lower observed integrated Hi 21-cm optical depths towards extended radio sources can thus be naturally explained by such covering factor effects. At a fixed observed Hi 21-cm optical depth sensitivity, the likelihood of detecting Hi 21-cm absorption is hence higher towards compact radio sources. To maximize our chances of detections of Hi 21-cm absorption, which would allow us to trace the distribution and kinematical properties of neutral gas in high-z AGN environments, we hence chose source compactness, i.e. an inverted or a flat low-frequency radio spectrum (e.g. Kellermann & Pauliny-Toth 1981; Shu 1991; O'Dea 1998) , as the main criterion in sample selection. We aimed to ensure homogeneity in our target AGNs by selecting them from a near-complete, flux-density limited sample, the Caltech-Jodrell Bank Flat-spectrum (CJF) sample (Pearson & Readhead 1988; Henstock et al. 1995; Taylor et al. 1996) . The CJF sample includes all radio sources with (1) 4.85 GHz flux density ≥ 350 mJy, (2) flat radio spectra between 1.4 and 4.85 GHz, with α 4.85 GHz 1.4 GHz ≥ −0.5, and (3) declination δ > 35
• (Taylor et al. 1996) , with a total of 293 sources, at redshifts 0 z 4.0.
At the beginning of our survey, 29 sources of the CJF sample had been earlier searched for associated Hi 21-cm absorption, mostly at z < 1, with a detection rate of ≈ 40% (e.g. Vermeulen et al. 2003; Gupta et al. 2006) . We aimed to search for associated Hi 21-cm absorption from the remaining 82 CJF sources for which the redshifted Hi 21-cm line frequency lies in the GMRT 327 MHz, 610 MHz and 1420 MHz observing bands (which cover the frequency ranges 300 − 360 MHz, 570−660 MHz, and 1000−1450 MHz, respectively). Finally, we were unable to observe 8 of the above 82 CJF sources, five at 1.1 < z < 1.5 (CJ2 1534+501, 7C 1550+5815, CJ2 1308+471, S5 0454+84, and TXS 1851+488) and three at 3.0 < z < 3.6 (S4 0636+68, BZQ J1526+6650, and B3 1839+389), due to their low flux densities that would have required prohibitively large integration times to achieve a good Hi 21-cm optical depth sensitivity.
Our initial GMRT observations of 24 AGNs of the CJF sample were presented, and the results discussed, by Aditya et al. (2016) , and an additional detection of Hi 21-cm absorption at z ≈ 1.223 towards TXS 1954+513 was presented and discussed by Aditya et al. (2017) . In the present paper, Section 3 describes the new GMRT observations, data analysis, and results for 50 AGNs of our target sample, Section 4 discusses the individual detections of Hi 21-cm absorption, while Section 5 discusses the dependence of the strength of the Hi 21-cm absorption on various AGN properties.
3 OBSERVATIONS, DATA ANALYSIS, AND RESULTS
The GMRT observations and data analysis
The GMRT 327 MHz, 610 MHz, and 1420 MHz receivers were used to carry out a search for associated Hi 21-cm absorption from the 49 AGNs of the CJF sample without earlier searches for such absorption. We also observed the AGN TXS 1543+480, at z = 1.277, to confirm the detection of Hi 21-cm absorption by Curran et al. (2013 , and velocity coverages of ≈ 3600−17500 km s −1 , in the different observing bands. The velocity coverage was sufficient to detect wide (velocity spread ≈ 1000 km s −1 ) Hi 21-cm absorption, while the velocity resolution allowed excellent sensitivity to even relatively narrow (≈ 20 km s −1 ) spectral components.
A standard flux density calibrator (3C48, 3C147 or 3C286) was observed at the start or end of each observing run. Observations of the target source were split into ≈ 30 − 40 minute scans, bracketed by short (≈ 6 minutes) scans on a nearby phase calibrator. The flux and/or phase calibrators were also used to calibrate the system passband; no additional observations of bandpass calibrators were carried out. The on-source observing times were ≈ 1 − 1.5 hours for sources observed with the 610 MHz and 1420 MHz receivers, and ≈ 3 hours for the lone source observed with the 327 MHz receivers.
Our initial GMRT observations yielded tentative detections of Hi 21-cm absorption in two sources, TXS 0003+380 and TXS 1456+375, besides confirming the detection of Hi 21-cm absorption in TXS 1543+480 (Curran et al. 2013 ). The first two sources were re-observed with the GMRT to confirm the reality of the absorption. These observations again used the GSB as the backend, but with a bandwidth of 4.17 MHz, sub-divided into 512 channels, and centred at the frequency of the putative Hi 21-cm absorption feature. This provided a higher velocity resolution of ≈ 2.2 km s −1 , albeit with a narrower velocity coverage ≈ 1175 km s −1 . The observational details are summarized in Table 1 .
All data were analysed using the Astronomical Image Processing System (AIPS; Greisen 2003) package, following standard procedures for data editing, gain and bandpass calibration, self-calibration, and imaging (see, e.g., Aditya et al. 2016) . These procedures yielded a continuum image of the field at the observing frequency and the final spectral line cube (after subtracting out all continuum emission). The Hi 21-cm spectrum was extracted from the spectral cube by taking a cut along the frequency axis at the location of the target AGN. The final spectrum was then obtained by subtracting out a second-order polynomial baseline, fit to lineand RFI-free regions, to compensate for any residual bandpass effects.
Results
For ten sources, half at z ≈ 0.29 − 0.32, the GMRT data were severely affected by RFI around the redshifted Hi 21-cm line frequency and it was not possible to obtain reliable RFIfree spectra. In most cases, the continuum data themselves were badly affected by the RFI, rendering the flux density estimates unreliable. These sources are indicated by the label "RFI" in Table 1 .
Except for TXS 0344+405, all the AGNs of our sample are compact in the GMRT continuum images, unresolved by the GMRT synthesized beam. The AGN flux densities at the redshifted Hi 21-cm line frequency were measured by fitting a single-Gaussian model to a small region of the image plane around the target, using the AIPS task jmfit. The measured flux densities are listed in Table 1 . We note that the jmfit measurement errors are < 1 mJy in all cases; however, the errors on the flux densities are dominated by systematic effects, ≈ 10% (from our experience) for the GMRT at these frequencies. TXS 0344+405 shows extended radio structures, consisting of a central core and two extended emission components, with a typical Fanaroff-Riley II morphology (Fanaroff & Riley 1974) . Since our aim is to search for neutral gas in the environments of compact AGNs, we have considered the Hi 21-cm absorption spectrum against only the core of TXS 0344+405 in the later analysis.
We obtained two new detections of associated Hi 21-cm absorption, at z = 0.229 towards TXS 0003+380 and z = 0.333 towards TXS 1456+375, and also confirmed the detection of Hi 21-cm absorption at z = 1.277 towards TXS 1543+480. The Hi 21-cm absorption spectra towards these AGNs are shown in Fig. 1 , with flux density (in mJy) plotted against velocity (in km s −1 ), relative to the AGN redshift. For the new detections, the Hi 21-cm absorption spectra are from the confirming runs, at finer velocity resolution. The velocity-integrated Hi 21-cm optical depths for these sources are 1.943 ± 0.057 km s −1 (TXS 0003+380), 3.834 ± 0.079 km s −1 (TXS 1456+375), and 9.56 ± 0.36 km s −1 (TXS 1543+480). We note that our measured integrated Hi 21-cm optical depth for TXS 1543+480 is in excellent agreement with the estimate of 9.69 ± 0.53 km s −1 by Curran et al. (2013) .
For 37 AGNs, the spectra were found to be consistent with noise, with no evidence for Hi 21-cm absorption; these are shown in Fig. A1 in the Appendix, in order of increasing redshift. The shaded regions in the spectra indicate velocity ranges that were corrupted by RFI. The figure includes three spectra for TXS 0344+405, towards the core and the two extended radio lobes, none of which show Hi 21-cm absorption.
For the non-detections, we obtained 3σ upper limits to the velocity-integrated Hi 21-cm optical depth by assuming e The flux density of the source at the redshifted Hi line frequency was estimated by interpolating between the 1.4 GHz flux density (from the FIRST or NVSS surveys; Becker et al. 1995; Condon et al. 1998 ) and the 325 or 365 MHz flux density (from the WENSS and Texas surveys, respectively; Rengelink et al. 1997; Douglas et al. 1996) in the literature. f The detection of associated Hi 21-cm absorption towards this source was originally reported by Curran et al. (2013) . For TXS 0344+405, "C" corresponds to the core, "SE" to the south-east lobe, and NW to the north-west lobe. a line full-width-at-half-maximum (FWHM) of 100 km s −1 , and measuring the root-mean-square (RMS) optical depth noise from RFI-free channels after smoothing each spectrum to approximately the same resolution. For two sources, TXS 0954+658 and S5 2007+77, a weak ripple was found to be present across the observing band, probably due to time variability in the antenna bandpass shapes that could not be calibrated out. Attempts to excise these ripples by data editing were unsuccessful. Since the peak-to-peak amplitude of the ripple is relatively low, the spectra may still be used to constrain the presence of strong Hi 21-cm absorption. Hence, for these two sources, we conservatively estimated the upper limit to the Hi 21-cm optical depth to be 3 × the peak-to-peak spread in the ripple in the optical depth spectrum. Table 1 summarizes the observational details and results from our GMRT observations, with the sources ordered by increasing redshift. The columns of the table are (1) the AGN name, (2) the AGN redshift, z (3) the redshifted Hi 21-cm line frequency, ν 21cm , in MHz, (4) the AGN flux density, S ν , at the redshifted Hi 21-cm line frequency, in mJy, (5) the velocity resolution ∆V of the final Hi 21-cm spectrum, in km s −1 , (6) the FWHM of the synthesized beam, in × , (7) the RMS noise ∆S on the final spectrum at the velocity resolution of column (5), in mJy, (7) the integrated Hi 21-cm optical depth τdv in km s −1 , or, for non-detections, the 3σ upper limit to τdv, assuming a line FWHM of 100 km s −1 , (8) the Hi column density N HI in cm −2 , or, for non-detections, the 3σ upper limit to N HI , assuming a spin temperature (T s ) of 100 K. For the ten sources affected by RFI, the sixth column contains "RFI", and the remaining columns indicate that no information is available. In most cases, the velocity resolution quoted in column (5) is after Hanning-smoothing and resampling the spectrum.
THE DETECTIONS OF Hi 21-cm ABSORPTION
In this section, we discuss the detections of Hi 21-cm absorption and the implications of our results for conditions in the AGN environment.
The z = 0.229 absorber towards TXS 0003+380
The radio emission of TXS 0003+380 is unresolved in the GMRT continuum image at ≈ 1156 MHz, with no evidence of any extended structure. A prominent core is present in the milli-arcsec (mas) scale VLBI map at 2.3 GHz, along with a weak signature of a jet projected towards the south-west (Fey & Charlot 2000) . More than 95% of the 2.3 GHz flux density arises from the core, with a total of only ≈ 35 mJy arising from the components in the radio jet (see Table 2 of Fey & Charlot 2000) . The AGN spectrum is very flat at low radio frequencies, 5 GHz, with flux densities of ≈ 500 − 800 mJy over the wide frequency range 74 − 5000 MHz. The radio flux density is known to vary rapidly, on a timescale of 2 − 20 days (Heeschen 1984) . Such 'flickering' may arise due to new plasma ejections, when the radiation is highly beamed towards the observer (Ghisellini et al. 1993 ). Optical and X-ray studies of this source also find evidence for strong blazar characteristics (e.g. Massaro et al. 2009 ).
The GMRT Hi 21-cm absorption spectrum towards TXS 0003+380 is shown in Fig. 1 [A]. The absorption has a peak line depth of ≈ 40 mJy, comparable to the total flux density (≈ 35 mJy) in the jet components at 2.3 GHz. This indicates that the absorption is likely to arise against the radio core. The absorption line is relatively narrow, with a full width between 20% points of only ≈ 45 km s −1 . The detected Hi 21-cm absorption implies an Hi column density of (3.54 ± 0.11) × (T s /100 K) × 10 20 cm −2 . While the Hi 21-cm absorption appears to be blueshifted by ≈ 50 km s −1 from the AGN redshift (z = 0.229; Stickel & Kühr 1994), we note that the latter authors do not quote an error on their redshift estimate.
The z = 0.333 absorber towards TXS 1456+375
TXS 1456+375 is unresolved in the GMRT 1065 MHz continuum image, and is also extremely compact in the VLBI 5 GHz image of Helmboldt et al. (2007) , with a linear size 10 mas. The AGN spectrum is flat at low frequencies, with spectral index α = −0.02 between 408 MHz and 1.4 GHz, steepening slightly to α = −0.27 between 1.4 GHz and 5 GHz (Helmboldt et al. 2007 ). The source has been classified as a blazar in the literature, based on its optical and near-infrared properties (e.g. Massaro et al. 2009; Davenport et al. 2015) . Our line of sight is hence likely to lie close to the direction of any jet emission. In addition, the AGN spectrum rises steeply with increasing wavelength in the optical and near-infrared bands, with R−K= 5.14 mag, causing it to be classified as a "red" quasar (Glikman et al. 2012) .
The GMRT Hi 21-cm absorption spectrum towards TXS 1456+375 is displayed in Fig. 1[B] . The Hi 21-cm absorption is only marginally offset from the AGN redshift (z = 0.33343 ± 0.00017; Schneider et al. 2005) , with the deepest absorption blueshifted by ≈ 60 km s −1 (consistent with the AGN redshift within ≈ 2σ significance). The Hi 21-cm absorption is very narrow, with a width between 20% points of only ≈ 20 km s −1 , and no evidence of extended absorption. The Hi column density inferred from the Hi 21-cm absorption is (6.98±0.15)×(T s /100 K)×10 20 cm −2 . The small angular extent of the 5 GHz radio emission implies that the detected Hi 21-cm absorption probably arises against the radio core.
The z = 1.277 absorber towards TXS 1543+480
TXS 1543+480 is unresolved in our GMRT 624 MHz continuum image, but shows two clear lobes, with similar flux densities, in the 5 GHz VLBI image (Helmboldt et al. 2007 ). The authors classify this source as a candidate Compact Symmetric Object (CSO). CSOs have symmetric parsec-scale structure, dominated by steep-spectrum extended emission on both sides of the core. The core is usually faint, or even undetected, in such sources. It is plausible that the two radio components detected in the 5 GHz VLBI image of TXS 1543+480 arise from parsec-scale lobes at the ends of VLBI-scale jets, with the core remaining undetected. Multi-frequency VLBI studies are needed to measure the spectral indices of the mas-scale radio components, and to test whether both have steep spectra, as expected for a CSO. At present, only 5 GHz VLBI images are available for TXS 1543+480 in the literature and it hence remains a candidate CSO (Helmboldt et al. 2007) .
If TXS 1543+480 is indeed a CSO, its 624 MHz flux density is likely to be dominated by the emission from the two radio lobes, as these would be expected to have steep spectra. The detected Hi 21-cm absorption is hence likely to arise against one or both of the VLBI radio lobes. The Hi 21-cm absorption is quite extended, with a width between 20% points of ≈ 330 km s −1 . Such wide absorption could arise either due to absorption against both radio lobes, or due to disturbed gas that is interacting with the AGN jets.
We have earlier reported a similar case of associated Hi 21-cm absorption towards another CSO, TXS 1245-197 at z = 1.275 (Aditya & Kanekar 2018) . It is intriguing that both TXS 1543+480 and TXS 1245-197 show wide Hi 21-cm absorption, with widths of 300 km s −1 between 20% points. Earlier studies of the kinematic ages of CSOs have been used to argue that CSOs are small due to their youth, and not because they are "frustrated" sources that reside in a dense environment, unable to grow to large sizes Taylor et al. 2000) . However, our detections of wide Hi 21-cm absorption from CSO environments support the notion that the radio jets in CSOs may indeed be evolving in a dense gaseous environment, with their expansion constrained by the surrounding medium.
DISCUSSION

A uniformly-selected flat-spectrum sample
Searches for redshifted associated Hi 21-cm absorption have so far been carried out in more than 400 AGNs, with 75 detections of Hi 21-cm absorption (e.g. van Gorkom et al. 1989; Vermeulen et al. 2003; Gupta et al. 2006; Curran et al. 2010; Geréb et al. 2015; Maccagni et al. 2017 ). The vast majority of both searches and detections are at low redshifts, z < 1, where the typical detection fraction is ≈ 30% (e.g. Pihlström et al. 2003; Gupta et al. 2006; Maccagni et al. 2017 ). The situation is very different at high redshifts, z > 1, with searches for associated Hi 21-cm absorption in only ≈ 25 AGNs (e.g. Gupta et al. 2006; Curran et al. 2013 ) and just four detections in the literature, prior to our survey. The implied detection rate of Hi 21-cm absorption is ≈ 16 +13 −8 %, where the errors are from Poisson statistics (Gehrels 1986) . While the detection rate of Hi 21-cm absorption at z > 1 is only half that at low redshifts, the difference between the two is not statistically significant due to the large uncertainty in the high-z value, simply due to the fact that few high-z AGNs have hitherto been targetted in Hi 21-cm absorption studies. An important part of the present survey was simply to increase the number of searches for redshifted Hi 21-cm absorption at z > 1. If high-z AGNs yield a detection fraction similar to those at low redshifts, the survey would then yield a large sample of associated Hi 21-cm absorbers, suitable for detailed kinematic studies of AGN environments. Conversely, if the detection fraction remains low at z > 1, this would be evidence for redshift evolution in AGN environments.
Further, most studies of associated Hi 21-cm absorption (e.g. Vermeulen et al. 2003; Gupta et al. 2006; Curran et al. 2013; Maccagni et al. 2017 ) have targetted highly heterogeneous AGN samples at all redshifts. This heterogeneity makes it difficult to distinguish between possible redshift evolution in the AGN environment and differences in the AGN samples at different redshifts. For example, Gupta et al. (2006) carried out an analysis of 96 AGNs, mostly at low to intermediate redshifts, z < 1. They found little evidence for redshift evolution in either the detection rates of Hi 21-cm absorption or in the distribution of the Hi 21-cm optical depths. However, their sample included a range of AGN types, with 21 large radio galaxies, 13 flat-spectrum sources, 35 CSS sources, and 27 GPS sources. The heterogeneity of the sample makes it difficult to reliably interpret the observational data.
An alternative explanation for the tentative result that the strength of associated Hi 21-cm absorption may be weaker at high redshifts stems from the luminosity bias in most AGN samples used in such studies. High-z AGN samples typically contain more objects with higher rest-frame UV and radio luminosities. Curran et al. (2008) suggest that the high AGN luminosity in the UV and/or radio wavebands could lead to a lower Hi 21-cm optical depth, either by ionizing the Hi (and thus reducing the Hi column density) or by altering the hyperfine level populations (and thus increasing the spin temperature). Curran et al. (2008) hence argued that the high luminosities of high-z AGNs may be the primary cause of the low detection rate of associated Hi 21-cm absorption at high redshifts (see also Curran et al. 2013 ). However, we note that the AGN samples of Curran et al. (2008) and Curran et al. (2013) were also highly heterogeneous, containing all the AGNs that had been searched for Hi 21-cm absorption in the literature.
The present survey for Hi 21-cm absorption aims to address the above issues by carrying out a search for Hi 21-cm absorption in a large and uniformly-selected sample of AGNs, selected from the CJF catalogue, to investigate the dependence of the Hi 21-cm absorption strength and detectability on redshift and AGN properties (e.g. luminosity, colour, spectral index, etc). In our pilot study (Aditya et al. 2016) , we combined 23 new searches for redshifted Hi 21-cm absorption with 29 searches from the literature (all in AGNs from the CJF sample), to find tentative evidence (at ≈ 3σ significance) that the strength of associated Hi 21-cm absorption depends on both redshift and AGN luminosity, with weaker Hi 21-cm absorption obtained at both high redshifts and higher AGN luminosities.
In the present work, we have completed our GMRT Hi 21-cm absorption survey of AGNs of the CJF sample, targetting nearly all CJF sources whose redshifted Hi 21-cm line frequencies lie within the GMRT's legacy 327, 610, and 1420-MHz bands. Including 39 sources with usable data from this study, our full sample consists of 92 flat-spectrum AGNs, which includes 63 sources from our GMRT observations and 29 from the literature. The sample contains 16 detections of Hi 21-cm absorption [including the three confirmed detections of this paper towards TXS 0003+380, TXS 1456+375, and TXS 1543+480, the confirmed detection towards TXS 1954+513 (Aditya et al. 2017) , and our tentative detection towards TXS 0604+728 (Aditya et al. 2016) ], and 76 non-detections, yielding upper limits to the Hi 21-cm optical depth. This is by far the largest sample of uniformly-selected AGNs that have been searched for associated Hi 21-cm absorption. The sample covers a large redshift range, 0.01 z 3.6, with more than half of the sample (≈ 50 sources) at z > 1.
The 92 CJF sources of our full sample are listed in order of increasing redshift, in Table 2 . The columns of this table are (1) the AGN name, (2) the AGN redshift, (3) the velocity-integrated Hi 21-cm optical depth in km s −1 , or, for non-detections of Hi 21-cm absorption, the 3σ upper limit to the Hi 21-cm optical depth, assuming a Gaussian profile with a line FWHM of 100 km s −1 , (4) the rest-frame 1216Å AGN luminosity L UV ≡ Log[L UV /(W Hz −1 )], inferred by interpolating between measured luminosities in UV and/or optical wavebands (see below), (5) the rest-frame 1.4 GHz AGN luminosity
the AGN spectral index close to the redshifted Hi 21-cm line frequency, α 21−cm , (7) the AGN colour (R−K) between the R-and Kbands, (8) the reference for the search for Hi 21-cm absorption, and (9) references for the estimates of UV, optical, and near-infrared (NIR) luminosities, which were used to infer L UV and (R−K).
The rest-frame 1216Å AGN luminosity was estimated following the procedure of Curran et al. (2010) . We first determined the flux density F UV at 1216 × (1 + z)Å for each AGN, using a power-law spectrum to interpolate between measured flux densities at two nearby optical and/or UV wavebands from the literature. The luminosity at restframe 1216Å was then inferred from the expression L UV = 4πD 2 AGN F UV /(1 + z), where D AGN is the AGN's luminosity distance. For two AGNs, TXS 0424+670 and TXS 1020+400, the flux density is known only at a single optical waveband, quite distant from the redshifted 1216Å wavelength. These systems hence do not have a listed rest-frame 1216Å luminosity in Table 2 .
The radio spectral indices of the AGNs were computed from their flux densities at the redshifted Hi 21-cm line frequency and a nearby frequency at which a flux density estimate was available in the literature. For all sources at z > 1, the second frequency was 1.4 GHz, from the FIRST or NVSS surveys (Becker et al. 1995; Condon et al. 1998) . For sources at z < 1, the second frequency was either 365 MHz (the Texas survey; Douglas et al. 1996) or 325 MHz (the WENSS survey; Rengelink et al. 1997) . Finally, the (R−K) colour could only be inferred for 58 AGNs of the full sample; the remaining sources do not have K-band information in the literature.
In the following sections, we will examine the dependence of the Hi 21-cm detection fraction and the distribution of integrated Hi 21-cm optical depth on redshift, radio spectral index, AGN radio and UV luminosities, and the (R−K) colour, for the full sample of 92 flat-spectrum sources. Figure 2 plots the velocity-integrated Hi 21-cm optical depth, in logarithmic units, against AGN redshift, for the full sample of 92 sources. It is clear that our GMRT observations, especially at 1.1 z 1.5, are sufficiently sensitive to detect Hi 21-cm opacities lower than those of most of the detections of Hi 21-cm absorption. Further, most Hi 21-cm detections are concentrated at low redshifts, z < 1, with 13 detections at z < 1, and just 3 detections at z > 1 (including the tentative detection at z ≈ 3.530 towards TXS 0604+728; Aditya et al. 2016 ). The median redshift of the sample is z med = 1.200. Dividing the sample at this redshift into low-z and high-z sub-samples, the former has 13 detections and 33 non-detections of Hi 21-cm absorption, whereas the latter has 3 detections (one of which is tentative) and 43 nondetections. The detection rates of Hi 21-cm absorption (see Fig. 3 ) are 28 +10 −8 % and 7 +6 −4 % (again estimating the 1σ errors from Poisson statistics; Gehrels 1986) for the z < z med and z > z med sub-samples, respectively; the high-z detection rate is even lower, 4 +6 −3 %, when the tentative detection towards TXS 0604+728 is excluded from the sample. The high-z subsample thus has a lower Hi 21-cm detection rate, albeit only at ≈ 2.1σ significance.
Redshift evolution
In addition to the Hi 21-cm detection rates, we tested whether the distribution of the strength of the Hi 21-cm absorption in AGN environments varies with redshift. For this purpose, we used survival analysis, in the asurv package (Isobe et al. 1986) , to correctly include the upper limits on the Hi 21-cm opacity. Within asurv, the Peto-Prentice generalized Wilcoxon test finds that the null result that the velocity-integrated Hi 21-cm optical depths of the low-z and high-z AGN sub-samples (again separated at z med ) are drawn from the same distribution is ruled out at 3σ significance (increasing to 3.4σ significance when the tentative detection towards TXS 0604+728 is excluded from the sample). We thus find statistically significant evidence for redshift evolution in the strength of associated Hi 21-cm absorption in a uniformly-selected AGN sample, with lower-redshift AGNs showing both a higher detection rate of Hi 21-cm absorption and significantly higher integrated Hi 21-cm optical depths. Notes to the table: a The inferred rest-frame 1216Å AGN luminosity, obtained by extrapolating from measurements in two nearby optical and/or ultraviolet bands. For two AGNs (indicated by a "-" in this column), the UV luminosity could not be obtained as the AGN flux density is only available at a single optical waveband in the literature. b For sources with "-" entries, the flux density is not known in the K-band; the (R−K) colour hence could not be obtained. (2003); (12) Carilli et al. (1998b) ; (13) Curran et al. (2013) ; (14) Gallimore et al. (1999) ; (15) Kanekar & Chengalur (2008) ; (16) Aditya et al. (2017) . d References for the ultraviolet, optical, and infrared luminosity measurements, which were used to obtain the rest-frame 1216Å UV luminosity (following the procedure of Curran et al. 2010) , and the (R−K) colour: (1) Bianchi et al. (2014) ; (2) The above redshift dependence of the strength of associated Hi 21-cm absorption could stem from a variety of reasons: (1) less neutral hydrogen in high-z AGN environments, implying lower Hi column densities, (2) higher gas spin temperatures in high-z environments, as has been seen in "intervening" galaxies towards AGNs, the damped Lyman-α absorbers (e.g. Kanekar & Chengalur 2003; Kanekar et al. 2014 ), or (3) lower covering factors in the high-z AGN sample, yielding a lower observed Hi 21-cm optical depth. Unfortunately, in the case of associated Hi 21-cm studies, we do not have direct estimates of the Hi column density, and hence cannot separate between the first two possibilities, a low Hi column density or a high gas spin temperature. We will initially consider the low covering factor hypothesis to account for the low detection rate of Hi 21-cm absorption, before investigating whether AGN conditions might yield either a low gas content or a high spin temperature.
Covering factor issues: The radio spectral index
A possible cause for the lower strength of associated Hi 21-cm absorption in high-z AGNs is that the gas covering factor is systematically lower in the high-redshift systems. In such a scenario, the observed difference between the Hi 21-cm absorption properties of the low-z and high-z sub-samples would arise not due to changes in the properties (e.g. Hi column density or spin temperature) of neutral hydrogen in AGN environments, but due to differences in the structure of the radio emission in the high-z and low-z AGNs of the sample. Specifically, if the low-frequency radio emission of high-z AGNs arises primarily from extended structure (albeit still unresolved on GMRT baselines), which is not occulted by foreground gas clouds, the Hi 21-cm optical depth estimated via the GMRT observations could be significantly lower than the true optical depth. For example, the radio emission of the low-z AGNs at the redshifted Hi 21-cm line frequency might predominantly arise from a compact radio core, while that of the high-z AGNs might arise from either the radio jet or radio lobes. The simplest way of testing the above scenario is to measure the fraction of radio emission arising from the AGN core at, or close to, the redshifted Hi 21-cm line frequency, via high-resolution VLBI imaging studies (e.g. Kanekar et al. 2009 Kanekar et al. , 2014 . This core fraction then gives a lower limit to the covering factor, under the assumption that the foreground gas clouds are likely to cover the core. Unfortunately, VLBI observations at frequencies 1 GHz are technically challenging and are hence not available for most of the AGNs of our sample.
An alternative approach to addressing the covering factor issue is based on the fact that the compact emission from the core tends to undergo synchrotron self-absorption and hence typically has an inverted or flat spectrum, while extended radio emission from the radio jet or the lobes tends to have a steep spectrum. If the radio emission of the high-z AGNs at the redshifted Hi 21-cm line frequency is dominated by the extended structure, yielding a low covering factor, one would expect these AGNs to have a systematically steeper spectral index at the Hi 21-cm line frequency than the AGNs of the low-z sub-sample. We note that, although our target AGNs have been uniformly chosen from the CJF sample, with flat spectral indices, α ≥ −0.5 (Taylor et al. 1996) , the CJF spectral index criterion is based on the AGN flux densities at two relatively high frequencies, 1.4 GHz and 4.85 GHz. It is hence possible that the radio emission at the low redshifted Hi 21-cm line frequency is dominated by steep-spectrum extended structure, rather than by the flat-or inverted-spectrum radio core.
We will hence use the AGN's radio spectral index α 21−cm at the redshifted Hi 21-cm frequency as a proxy for the compactness of the AGN. A flat or an inverted spectrum near the redshifted Hi 21-cm line frequency (α 21−cm 0) would indicate a core-dominated source, and a relatively high covering factor ( f ≈ 1), whereas a steep spectrum (α 21−cm −0.7)
would indicate extended radio structure and a possibly low covering factor ( f 1). If the measured Hi 21-cm optical depths are found to depend on the spectral index, or if the high-z AGN sub-sample has a systematically steeper spectral index than the low-z sample, it would suggest that a low covering factor may be the cause of the lower observed Hi 21-cm optical depths at high redshifts. Figure 4 [A] shows the integrated Hi 21-cm optical depths of the 92 CJF sources of our sample plotted against α 21−cm . While there are clearly a few sources with α 21−cm −0.5, most of the AGNs are seen to have flat radio spectra, α 21−cm ≈ 0. Indeed, the median spectral index of the sample, α 21−cm,med = −0.015, is very close to zero, indicating that the sample is dominated by compact objects, with α 21−cm > −0.5. A Peto-Prentice two-sample test finds that the distributions of the Hi 21-cm optical depths of the two sub-samples, separated at the median α 21−cm , are consistent (within ≈ 1.3σ significance) with the null hypothesis of being drawn from the same underlying distribution. We thus find no evidence for a dependence of the strength of the associated Hi 21-cm absorption on the AGN spectral index. Figure 4 [B] shows the low-frequency AGN spectral index α 21−cm plotted against redshift; no trend is apparent in the figure. A Gehan-Wilcoxon two-sample test comparing the distributions of α 21−cm values of the low-z and the high-z sub-samples, separated at z med = 1.2, finds that the data are consistent (within ≈ 1.2σ significance) with the null hypothesis of being drawn from the same underlying distribution. We thus find no evidence for a systematic difference between the spectral indices of the AGNs of the high-z and the low-z sub-samples.
In summary, we find no statistically significant evidence either that the strength of the Hi 21-cm absorption depends on the low-frequency AGN spectral index or that the lowfrequency spectral index varies systematically with redshift. Both of these would have been expected if low covering factors are the cause of the weaker Hi 21-cm absorption observed in the high-z AGN sub-sample. We hence conclude that it is unlikely that the observed differences in the Hi 21-cm absorption properties of the low-z and high-z AGN subsamples can be explained by covering factor issues.
The AGN colour: Evidence for dust reddening?
For red quasars, the high extinction at optical wavebands is believed to be caused by dust extinction (e.g. Webster et al. 1995) . However, it has also been suggested in the literature that not all red quasars are dusty systems (e.g. Benn et al. 1998) . Earlier Hi 21-cm studies have yielded ambiguous results: for example, Carilli et al. (1998b) detected strong Hi 21-cm absorption in four out of five red quasars at intermediate redshifts (z ≈ 0.7), suggesting a high Hi column consistent with the dust obscuration hypothesis. Strong molecular absorption has also only been seen in very red AGNs (e.g. Wiklind & Combes 1994; Wiklind & Combes 1996; Kanekar & Chengalur 2002; Kanekar et al. 2005) . However, later Hi 21-cm absorption studies have found no significant correlation between the detectability of associated Hi 21-cm absorption and the AGN colour (e.g. Curran et al. 2008; Aditya et al. 2016) , suggesting that the reddening may have other causes besides dust obscuration. Our detection of associated Hi 21-cm absorption towards TXS 1456+375 is consistent with the dust-reddening hypothesis.
It has long been known that the Galactic extinction at 5500Å is proportional to the total hydrogen column density, with A v = 6.29 × 10 −22 N HI + 2N H 2 (e.g. Savage et al. 1977) . This is understood as arising due to reddening produced by the large amounts of dust associated with a high hydrogen column. Webster et al. (1995) hence suggested that "red" quasars, with a steeper spectral index between the optical and NIR wavebands than typical quasars, are likely to acquire their redder colours due to dust extinction. Consistent with this hypothesis, Carilli et al. (1998b) found that 80% of red quasars showed either associated or intervening Hi 21-cm absorption, while only 11% of optically-selected Mgii absorbers showed radio absorption. Similarly, all five of the known redshifted radio molecular absorbers at z > 0.2 have background quasars with extremely red colours, (R-K) > 4 (Wiklind & Combes 1994; Wiklind & Combes 1995 Kanekar & Chengalur 2002; Kanekar et al. 2005; Curran et al. 2006 Curran et al. , 2008 . Our detection of associated Hi 21-cm absorption towards TXS 1456+375 is consistent with the dust-reddening hypothesis.
However, it has also been noted in the literature that not all red quasars appear to be dusty systems (e.g. Benn et al. 1998) . Indeed, recent searches for associated Hi 21-cm absorption in red AGNs have not been very successful (e.g. Yan et al. 2016) , while no significant correlation has been found between the detectability of associated Hi 21-cm absorption and the AGN colour (e.g. Curran et al. 2008; Aditya et al. 2016) , suggesting that the reddening may have other causes besides dust obscuration. We note that the sample of Carilli et al. (1998b) was very small (five systems), and limited to low redshifts, z 0.7.
In this section, we test the hypothesis that associated Hi 21-cm absorption is more likely to arise in red AGNs, by examining our sample for a correlation between the strength of the Hi 21-cm absorption with AGN (R−K) colour. Unfortunately, NIR photometry was available for 58 AGNs of the sample and so the present analysis is restricted to these 58 systems.
At the outset, we note that the choice of a flat-spectrum sample is likely to be biased against the reddest sightlines. In standard unification schemes (e.g. Urry & Padovani 1995) , a flat AGN spectrum is expected to mostly arise from sightlines closer to orthogonal to the obscuring torus. Such sightlines are unlikely to be affected by extinction from dust in the torus, and so we do not expect very large (R−K) values, (R-K) 5, in our sample. Fig. 5 shows the integrated Hi 21-cm optical depth plotted versus the (R−K) colour for the 58 AGNs with NIR photometry. Of the 12 AGNs with detections of Hi 21-cm absorption, five have relatively red colours, (R−K) > 3. Further, three of these five systems lie at the top right of the figure, indicating both red colours and high integrated Hi 21-cm optical depths; indeed, these three AGNs have (R-K) > 5, comparable to the colours of the AGNs that show molecular absorption! At least for these systems, the red colours are likely to arise due to the presence of high columns of gas and associated dust at the AGN redshift. However, we also note that there are four AGNs that show Hi 21-cm absorption at relatively low (R−K) values, (R−K) 1.3, and that one of these has the second-highest integrated Hi 21-cm optical depth of the full sample.
To test the dependence of the strength of the Hi 21-cm absorption on the (R−K) colour, we divided the sample of 58 systems at the median (R−K) value, (R-K) = 2.38, and carried out two-sample tests on the high-(R−K) and low-(R−K) sub-samples. A Peto-Prentice two-sample test for censored data finds that the null hypothesis that the sub-samples are drawn from the same underlying distribution is rejected at only 1.4σ significance. The two sub-samples are thus consistent with being drawn from the same distribution, and we find no statistically significant evidence for a dependence of the strength of Hi 21-cm absorption on the (R−K) colour of the AGN. Thus, while three of the four highest integrated Hi 21-cm optical depths do arise from the reddest AGNs, our results from the CJF sample do not provide support for the dust-reddening hypothesis.
Effects of the AGN luminosity
As mentioned briefly in Section 5.1, a high AGN luminosity can adversely affect the strength of the associated Hi 21-cm absorption (e.g. Curran et al. 2008 Curran et al. , 2013 . This is because a high UV luminosity can cause ionization of the nearby neutral hydrogen, thus reducing the Hi column density, and can also affect the spin temperature (which is coupled to the colour temperature of the Lyman-α radiation field ; Wouthuysen 1952; Field 1958; Field 1959) . Similarly, a high AGN rest-frame 1.4 GHz luminosity can raise the gas spin temperature (Field 1958; Field 1959) . Both a decrease in the Hi column density and a raising of the spin temperature would reduce the strength of the Hi 21-cm absorption. Thus, if the higher-redshift AGNs of our sample tend to have higher UV and/or radio luminosities, this would provide an alternative explanation of the weaker Hi 21-cm absorption in the high-z sub-sample.
Figs. 6[A] and [B] show, respectively, the rest-frame UV 1216Å luminosity and the rest-frame 1.4 GHz radio luminosity of the sources of the CJF sample plotted against redshift. In both panels, the vertical dashed line is at the median redshift of the sample, while the horizontal dashed line is at the median luminosity. It is clear that the high-z AGNs of the sample typically lie close to or above the median luminosity (in both UV and radio wavebands), while the low-z AGNs mostly lie below the median luminosity. Again dividing the sample at z med = 1.2, a Gehan-Wilcoxon test finds that the null hypothesis that the rest-frame UV and radio luminosities of the two sub-samples are drawn from the same distribution is rejected, respectively, at ≈ 7.7σ and ≈ 7.8σ significance. As such, it is clear that the sample contains a strong bias towards higher UV and radio luminosities at high redshifts. We note, in passing, that the rest-frame UV 1216Å and radio 1.4 GHz luminosities of the sources in our sample are strongly correlated (at ≈ 9σ significance, via a Kendall-tau test).
It thus appears that the apparent redshift evolution in the strength of the associated Hi 21-cm absorption might also arise due to differences in the UV and/or radio luminosities of the AGNs of the low-z and the high-z subsamples. Figs. 7 [A] and [B] plot the integrated Hi 21-cm optical depth versus, respectively, the rest-frame UV 1216Å luminosity and the rest-frame radio 1.4 GHz luminosity (with all quantities in logarithmic units absorption lie in the low-luminosity halves of the two figures; further, the integrated Hi 21-cm optical depths towards lowluminosity AGNs appear higher than the typical 3σ upper limits on the integrated Hi 21-cm optical depths towards AGNs with high luminosities. Formally, a Peto-Prentice twosample test (for censored data) finds that the null hypotheses that the Hi 21-cm optical depth distributions of the lowluminosity and high-luminosity sub-samples are drawn from the same distribution is rejected at, respectively, ≈ 3.6σ and ≈ 3.3σ significance, for the rest-frame UV 1216Å and restframe radio 1.4 GHz luminosities.
We thus find statistically significant evidence for a dependence of the strength of associated Hi 21-cm absorption in the CJF sample on both redshift and AGN luminosity in the rest-frame UV 1216Å and radio 1.4 GHz wavebands, but not on the low-frequency radio spectral index or the (R−K) colour. Weaker Hi 21-cm absorption is obtained at higher redshifts and higher radio and UV luminosities. Unfortunately, there is a strong correlation between AGN luminosity and redshift in the AGNs of our sample (see Figs. 6 [A] and [B] ), due to which it is not currently possible to break the degeneracy between redshift and luminosity, and identify the primary cause, if any, for the differences in the strength of the Hi 21-cm absorption. Searches for Hi 21-cm absorption in either a low-luminosity AGN sample at high redshifts, or a high-luminosity sample at low redshifts would be required to break the present degeneracy.
SUMMARY
We have used the GMRT to carry out a search for associated Hi 21-cm absorption in 50 flat-spectrum AGNs, selected from the CJF sample. The data on ten AGNs were rendered unusable by RFI. We obtained new detections of Hi 21-cm absorption in two sources, at z = 0.229 towards TXS 0003+380 and z = 0.333 towards TXS 1456+375, and also confirmed an earlier detection (by Curran et al. 2013) of Hi 21-cm absorption at z = 1.277 towards TXS 1543+480. The measured velocity-integrated Hi 21-cm optical depths towards the above three AGNs lie in the range τdV ≈ 1.9−9.6 km s −1 , implying Hi column densities of ≈ (3.5−17.5)× 10 20 cm −2 , for an assumed spin temperature of 100 K and covering factor of unity. For the remaining 37 AGNs, the 3σ upper limits on the integrated Hi 21-cm optical depth range from 0.3 − 14 km s −1 , with a median value of ≈ 0.97 km s −1 .
Our full sample of CJF sources with searches for redshifted Hi 21-cm absorption consists of 92 AGNs, 63 from our survey (including 24 sources from Aditya et al. 2016 Aditya et al. , 2017 and 29 from the literature. This is currently the largest sample of uniformly-selected AGNs with searches for associated Hi 21-cm absorption, with 16 Hi 21-cm detections and 76 non-detections, at redshifts 0.01 − 3.6, and with a median redshift of z med = 1.2.
We find that both the strength and the detectability of Hi 21-cm absorption appear higher at low redshifts, z < z med . The detection rate of Hi 21-cm absorption is 28 +10 −8 % for the low-z AGN sub-sample (with z < 1.2), but only 7 +6 −4 % for the high-z sub-sample (with z > 1.2). While the difference in detection rates has only ≈ 2.1σ significance, a Peto-Prentice two-sample test on the velocity integrated Hi 21-cm optical depths finds that the null hypothesis that the low-z and high-z sub-samples are drawn from the same distribution is ruled out at ≈ 3σ significance. We thus obtain statisticallysignificant evidence for redshift evolution in the strength of associated Hi 21-cm absorption in the Caltech-Jodrell Flatspectrum AGN sample.
However, we also found evidence for a significant bias in the intrinsic luminosities of the AGNs of our sample, with the high-z AGNs having higher rest-frame 1216Å UV and 1.4 GHz radio luminosities. Examining the dependence of the strength of the Hi 21-cm absorption on AGN luminosity, the null hypothesis that the velocity-integrated Hi 21-cm optical depths of the high-luminosity and lowluminosity AGNs arise from the same distribution is ruled out at ≈ (3.3 − 3.6)σ significance in a Peto-Prentice twosample test (for the 1216Å UV and 1.4 GHz radio luminosities).
We also examined the possibility that the lower strength of Hi 21-cm absorption in high-z AGNs might arise due to a typically lower covering factor for the high-z sub-sample. This could occur if the radio continuum at the redshifted Hi 21-cm line frequency for the high-z sub-sample is dominated by extended emission. We used the AGN spectral index around the redshifted Hi 21-cm line frequency as a proxy for source compactness, since extended emission is expected to have a steep spectrum. We find no evidence in two-sample tests that the strength of the Hi 21-cm absorption depends on AGN spectral index, or that the spectral index itself depends on the AGN redshift. It is hence unlikely that the ob- served weakness of the Hi 21-cm absorption in high-z AGNs arises due to a low covering factor.
We find no statistically-significant evidence that the strength of Hi 21-cm absorption depends on AGN colour. However, five of the 12 AGNs with Hi 21-cm detections and estimates of the (R−K) colour show relatively red colours, with (R−K) > 3. Three of these systems have both high integrated Hi 21-cm optical depths and (R−K) > 5; for these, the red colour is likely to arise due to dust at the AGN redshift.
The above results are consistent with those from our pilot GMRT Hi 21-cm absorption survey of the CJF sample Aditya et al. (2016) , but are now based on a significantly larger AGN sample (92 AGNs against 52 in Aditya et al. 2016) , and with more than half the sample at z > 1. The median redshift of the present sample (z med = 1.2) is also significantly higher than that (z med = 0.76) of Aditya et al. (2016) .
In summary, the strength of associated Hi 21-cm absorption in the CJF AGN sample appears to depend on both redshift and AGN luminosity, with weaker Hi 21-cm absorption at high redshifts and high luminosities. This could arise due to (1) lower amounts of neutral gas in high-z, highluminosity AGN environments, due to either redshift evolution or ionization of the Hi by the far-UV AGN radiation, or (2) higher spin temperatures in high-z, high-luminosity AGN environments, due to either a preponderance of warm neutral gas around high-z AGNs or spin temperatures greater than the kinetic temperature due to the high AGN UV/radio luminosity. Unfortunately, the luminosity bias in our sample, with the higher-luminosity AGNs located at higher redshifts, implies that the present dataset does not allow us to distinguish between the above possibilities to identify whether redshift or AGN luminosity is the primary driving factor in determining the strength of the associated Hi 21-cm absorption; this will be the focus of future studies. Figure A1 . The GMRT spectra for the 37 CJF sources with non-detections of Hi 21-cm absorption. All spectra have been Hanningsmoothed and resampled. The shaded channels in the spectra are corrupted by RFI.
